Summary. The redox chemistry of Np(V/VI) was investigated in ∼ 0.6 M tetramethylammonium hydroxide/chloride (TMA-(OH, Cl)) solutions with 9 ≤ − log[H + ] ≤ 13.5. Redox conditions were defined by the absence or presence of ClO − as oxidizing agent (Na-salt, 5 × 10 These results indicate that Np(VI) aqueous species and solid compounds prevail far below the oxidation border of water in alkaline solutions and also far below the E H border calculated with the current NEA data selection [1]. These observations are further supported by correlations of literature thermodynamic data for actinides (U, Np, Pu and Am), which predict the formation of NpO 2 (OH) 3 − and NpO 2 (OH) 4 2− aqueous species with stability constants (log * β
Introduction
The chemical behaviour of neptunium is of special concern for the safe disposal of radioactive waste because of its long *Author for correspondence (E-mail: xavier.gaona@kit.edu). half life (T 1/2 = 2.14 × 10 6 a), its radiotoxicity and its redox sensitivity. In the early stages after the closure of the repository when reducing conditions have not yet been established, Np(V) is expected to dominate according to the current NEA thermodynamic data selection [1, 2] .
The chemistry of Np(VI) under alkaline conditions is not well-known. In the aqueous phase, the formation of anionic species (e.g., NpO 2 (OH) 3 − and NpO 2 (OH) 4 2− ) has been proposed, although no thermodynamic data are currently selected in the NEA reviews [1, 2] . In analogy to U(VI), the formation of solid Na-and Ca-neptunates can also be expected. The chemical behaviour of these aqueous species and solid compounds can be relevant in cementitious systems and NaCl/CaCl 2 -dominated saline environments.
Tetramethylammonium hydroxide (TMA-OH) and tetramethylammonium chloride (TMA-Cl) have been used in this work as background electrolytes. As a bulky cation, TMA + has previously been considered for the study of the actinide aqueous speciation (e.g., U(VI) [3, 4] and Np(V) [5] ) because it minimizes the precipitation of solid phases (as occurring with Na + , K + or Ca 2+ ). However, TMA + strongly influences the aqueous properties of the system (activity of water, density, etc. -see Tables A1 and A2 in Sect. A) [6] and, consequently, special attention must be taken for thermodynamic modelling or thermodynamic calculations in systems where it is used as background electrolyte (TMA-(Cl, OH)).
This study focuses on the aqueous and solid phase speciation of Np(VI) in alkaline TMA-(OH, Cl) solutions in order to constrain its stability field and redox border with Np(V). The work is also meant to provide a better description of systematic trends for the An(VI) series, where only U(VI) has been characterized in detail and extensive thermodynamic data has been made available, as well as to set the basis for experiments under repository relevant conditions (e.g., in NaCl and CaCl 2 ).
Thermodynamic background
Only few studies are available on the aqueous speciation of Np(VI) in hyperalkaline conditions. Ermakov et al. [7] measured the potentials of the Np(V/VI) and Pu(V/VI) couples in aqueous LiOH solutions (2.5 M to 4.0 M). The (n = 1-4)] with Z eff for An = Np, U, Pu and Am. All thermodynamic data as reported in [1] , except for Am(OH) 4 − [12] . Squares used for Np(VI) data estimated in this work.
review of these data in [2] provided upper limits for the hydrolysis constants log * β 4 2− ) ( Table 1) . If anionic oligomers exist (as they have been found in the uranium system), both values may be regarded as limiting [2] .
Williams et al. [8] conducted extended X-ray absorption fine structure (EXAFS) measurements on the system Np(VI/VII) in 1 M NaOH. Starting from a Np(V) suspension, the authors promoted the oxidation to Np(VII) with a combination of ozone and electrolysis (+600 mV vs. Ag/AgCl). After collecting the EXAFS of Np(VII), the authors systematically reduced the potential applied until obtaining a pure Np(VI) EXAFS spectrum. Although no thermodynamic data can be extracted from this study, the structural parameters provided for the aqueous species forming in 1 M NaOH agree with those expected for NpO 2 (OH) 4 2− . The hydrolysis of actinides is known to correlate with their effective charge (Z eff ) [9] . Z eff is directly the charge [10] . Accordingly, and because of the similarities in their ionic radii, actinides with the same redox state tend to have similar hydrolysis constants. The linear correlation log * β
• 1,n (n = 1-4) vs. Z eff provided in Fig. 1 for Np, U, Pu and Am was used in order to estimate log * β
and log * β
• 1,4 for Np(VI) (see Table 1 ). 4 2− is assessed in Fig. 2 , where the predominance diagram of Np for − 0.8 V ≤ E H ≤ +1 V and 10 ≤ pH ≤ 14 has been calculated (a) in accordance with the current data selection of NEA, and (b) including the third and fourth hydrolysis species of Np(VI) estimated in the present work from its correlation with Z eff (log * β Carbonate species of Np(V) and Np(VI) are expected to form under the conditions of this study. In addition to the Np(V/VI)-CO 3 -OH species currently selected in the NEA thermodynamic data reviews, Neck et al. [13] reported the formation of the Np(V) species NpO 2 CO 3 OH 2− and NpO 2 CO 3 (OH) 2 3− (only conditional log β for I = 3 M NaClO 4 provided). Although not selected in the NEA review, the use of this log β 1,1,2 was recommend in [2] for scoping calculations. Neither selection nor recommendation was issued in [2] for log β 1,1,1 , most likely because the formation constant in [13] was an estimate and "there was no direct experimental evidence for the formation of NpO 2 CO 3 OH 2− ". The stability constants reported in [13] have been recalculated in this work to I = 0 by SIT (Table 2) , using the ε(Na + , ML n− ) estimates reported in [14] . These species have also been considered for thermodynamic calculations in Sect. 4. 4 2− species as estimated in the present work from its correlation with Z eff . Only aqueous species considered. Calculations performed with the code Medusa [15] .
Little is known about the interaction coefficients of TMA + with anionic actinide species. Rao et al. [5] 
Sample preparation and characterization
All samples were handled and prepared inside an inert gas (Ar) glovebox at 22 ± 2
• C. Samples were prepared in TMA-(OH, Cl) to avoid the quantitative precipitation of Naneptunates and retain sufficient Np in solution to allow for X-ray absorption near edge structure (XANES) analysis of Np oxidation state distribution. 237 Np(V) stock solution 4.6 × 10 −2 M were used for the preparation of the samples. The Np(V) redox purity of the stock solution was confirmed by ultraviolet-visible nearinfrared spectroscopy (UV-vis/NIR) with a high-resolution UV-vis/NIR spectrometer Cary 5 (Varian, USA). The pH of the stock (originally in 0.1 M HCl) was adjusted to − log[H + ] ∼ 4 by addition of 0.01 M TMA-OH to avoid large pH-shifts in the samples after stock addition. The pH adjusted stock was added to the 9 solutions described above to give a final total Np concentration of ∼ 2 × 10 −3 M in the samples. The pH exp and E H were measured after the addition of the Np(V) tracer (1-2 h). Typical experimental errors for these parameters are ±0.05 pH-units and ±0.05 V, respectively, although E H uncertainties for redox-unbuffered samples can increase significantly [19] . The formation of a precipitate was observed in some of the samples after the addition of Np (few minutes to few hours).
After 4 days, samples were centrifuged at 4020 g in the Ar glovebox and a UV-vis/NIR spectrum from the supernatant of each sample recorded between 800 nm ≤ λ ≤ 1300 nm. The aqueous concentration of Np was measured after 10 kD ultrafiltration (Pall Life Sciences) at 4 and 7 days by liquid scintillation counting (LSC) with a TriCarb 2500 TR/AB instrument (Canberra-Packard). The detection limit was 5 × 10 −9 M for 237 Np (α-radiation measured after α/β-discrimination of the counts from the β-emitting daughter nuclide 233 Pa). For solid phase analysis, an aliquot of each solid was washed under Ar-atmosphere in triplicate with ethanol to remove the matrix solution. A first fraction of the resulting solid was dissolved in 2% HNO 3 , and neptunium and sodium quantified by LSC and ICP-OES, respectively. A second fraction of the washed solid was characterized by scanning electron microscope-energy disperse spectrometry (SEM-EDS), using a CamScan FE44 SEM equipped with a Noran EDS unit.
XAFS measurements
XANES/EXAFS spectra were recorded at the INE-Beamline for Actinide Research at ANKA, KIT Campus Nord [20] . The ANKA storage ring was operated at 2.5 GeV electron energy, with a mean electron current of 120 mA. Tuneable monochromatic beam was delivered by the Ge(422) crystal pair in the Lemonnier-type double crystal monochromator (DCM). Higher harmonics were rejected from the two mirrors in the optics of the INE-Beamline and by detuning the second crystal at a constant, controlled 70% from the rocking curve maximum [21] .
At least four scans were performed for each Np sample, and the spectra were averaged for XANES/EXAFS data analysis. Spectra were recorded at 22 ± 2
• C in fluorescence mode using a 5-pixel low energy fluorescence Ge solid-state detector (Canberra-Packard Ultra-LEGe, Rüsselsheim, Germany) and Ar-filled ionization chamber to record the incident beam intensity. All spectra were energy calibrated using the first inflection point in the K-edge spectrum of a zirconium metal foil (17 998 eV).
XANES/EXAFS data reduction and analysis were performed with the ATHENA/ARTEMIS package following standard procedures [22] . Structural information was obtained by following a multi-shell approach for EXAFS data fitting. The fit was limited to parameters describing the Np coordination to surrounding oxygen atoms (neighbouring atomic distances (R), EXAFS Debye-Waller factors (σ 2 ), coordination numbers (N) and relative shift in ionization energy E 0 (∆E 0 )). EXAFS spectra were Fourier transformed (FT) in the k-range between 2-12 Å −1 using symmetric square windows.
Theoretical single scattering paths (SS) were calculated with FEFF8.4 [23] using the structure of Cs 2 Np(SO 4 ) 3 (H 2 O) 2 [24] for Np(III/IV) samples and the structure of Np 2 O 5 [25] for Np(V) samples. Theoretical SS paths for the fit of Np(VI) samples were calculated using the structure of UO 3 [26] , where the central U atom was substituted by Np and paths recalculated using the Atoms routine in Artemis. The amplitude reduction factor (S 2 0 ) was fixed to 1.0 in all the cases.
Np reference spectra: design and use of a spectro-electrochemical cell
A set of XANES reference spectra was obtained by in situ generation of different Np redox states. For this purpose, a spectro-electrochemical cell (based on the design in [27] ) was constructed of Plexiglas (poly(methyl methacrylate)) with windows of Kapton ® film (polyimide). The cell was designed to allow both transmission and fluorescence mode XAFS, with optical path lengths between the two windows of about 2 cm. The cell was designed with a three-electrode configuration, with both working and counter (or auxiliary) electrodes made of glassy carbon. An Ag/AgCl reference electrode was used in this experiment. Stirring was achieved with a Teflon coated stir bar inside the cell and a magnetically-driven stirrer placed outside the cell. Samples were bubbled with argon during the electrolysis process. A stainless steel outer containment with Kapton ® windows was used as second containment, required by beamline regulations for the handling of radioactive material. The spectro-electrochemical cell was connected to a potentiostat (Radiometer analytical, Lyon, France) located in the experimental hutch and operated by the central computer in the beamline control hutch via VNC View interface.
A solution of approximately 7 mL of freshly prepared 237 Np(V) in 1 M HClO 4 (∼ 1 × 10 −3 M Np) was transferred to the spectro-electrochemical cell. The redox purity of this solution was verified by UV-vis/NIR. The scheme used to obtain different Np redox states was: Np(V) → Np(III) → Np(IV) → Np(VI). A potential of −300 mV was first applied to the Np(V) solution to obtain Np(III) (∼ 14 h). After the reduction of Np(V) to Np(III), oxidizing potentials were applied: +200 mV to obtain Np(IV) (∼ 7 h) and subsequently +1000 mV for Np(VI) (∼ 18 h). During the whole electrochemical processes, Np L III -edge (17 610 eV) XANES measurements were performed in situ to monitor the Np oxidation state(s). EXAFS signal recording began only after exhaustive electrolysis for every valence indicated by coulometry and reproducibility of XANES spectra. The total electrolysis time was previously estimated by an ex-situ experiment under identical conditions.
Np in TMA-(OH, Cl) solutions
All Np samples in TMA-(OH, Cl) for synchrotron measurements were prepared in 400 µL polyethylene vials. In the case of solid samples, a suspension containing 1-2 mg of material was transferred to the vial and centrifuged for 10 min at 4020 g. The centrifuge vials were then mounted in a gas-tight cell inside the Ar-glovebox and transported to the INE-Beamline. The design of this cell was conceptually the same as for the spectro-electrochemical cell described in Sect. 3.3.1, but with no inserts for the mounting of the electrodes. A continuous flow of Ar was flushed through the cell during the synchrotron measurements to ensure inert gas atmosphere. Fig. 3 , sample Np-3 falls within the stability field of Np(V) and Np(IV). The E H measured for samples Np-1 to Np-3 must be considered uncertain, because they were not redox buffered and the equilibration time (5 min) was probably not sufficient to obtain stable and reliable E H readings. Despite the qualitative character of the diagram, Fig. 3 shows that predominance of Np(VI) aqueous species can be expected for samples Np-4 to Np-9.
Results and discussion

Wet chemistry and UV-vis/NIR
The concentration of Np in the supernatant determined by LSC after 10 kD ultrafiltration and the visual description of the solid phases formed are given in Table 3 Fig. 3 .
UV-vis/NIR spectra were obtained for the supernatant of samples Np-1 to Np-9. Clear features were observed for samples without ClO − (Fig. 4) . Hence, sample Np-3 shows peaks unequivocally identified as NpO 2 + (λ = 980 nm) and NpO 2 CO 3 − (λ = 991 nm). The feature observed in sample Np-1 within 980 nm ≤ λ ≤ 1080 nm indicates the presence of at least two species. Within the same NIR region, Neck et al. [13] observed the formation of several Np(V)-OH-CO 3 species with well-defined spectroscopic features, namely NpO 2 (CO 3 ) 2 OH 4− (λ = 1010 nm) and NpO 2 CO 3 (OH) 2 3− (λ = 1020-1025 nm). Features corresponding to these species were characterized by significantly large full width at half maximum (FWHM = 20 nm and 30 nm, respectively) compared to NpO 2 + (FWHM = 7 nm). A third feature observed in [13] at λ = 1050 nm was ascribed to colloidal Np(V), whereas a peak "shoulder" at λ = 1035 nm remained unidentified but likely corresponded to an additional Np(V)-OH-CO 3 species. This comparison strongly suggests the predominance of (NpO 2 ) x (CO 3 ) y (OH) z x−2y−z species in sample Np-1, although no unequivocal identification of each individual species can be drawn because of the broadness and overlapping of their corresponding peaks, as well as slight deviations in peak position potentially arising from differences in the matrix solution (3 M NaClO 4 in [13] and ∼ 0.7 M TMA-(OH, Cl) in our study). Yes, brownish-purple 1 : 0.13 // 1 : 0.12 Fig. 4 . UV-vis/NIR spectra of supernatant solutions from samples Np-1 to Np-9. Wavelengths for Np(V) species as reported in [13] .
No NIR features were observed within 800 nm ≤ λ ≤ 1300 nm for samples Np-4, Np-5, Np-7, Np-8 and Np-9, despite the high Np concentration in some of these samples (∼ 2 × 10 −3 M in Np-4 and Np-7). This result supports the argument that none of the Np(V) species observed in samples Np-1 to Np-3 exist in the presence of ClO − . We postulate that the formation of (centro-)symmetric species (e.g., NpO 2 (OH) 4 2− ) and the resulting forbidden f -f transitions have led to a significant decrease of the extinction coefficients (ε) for Np(VI) species under the given conditions.
A small peak at λ = 980 nm (corresponding to NpO 2 + ) was observed in the NIR of sample Np-6. The concentration of NpO 2 + calculated from this feature was significantly lower than the total Np concentration determined after ultrafiltration of this sample, thus indicating the presence of additional species. In line with the thermodynamic calculations and the experimental − log[H + ] and E H values shown in Fig. 3 , the presence of the species NpO 2 (CO 3 ) 3 4− is to be expected, resulting in an aqueous mixture of Np(V) and Np(VI) in sample Np-6.
XAFS measurements
Np XANES/EXAFS reference data in HClO 4
The Np L III -edge XANES spectra recorded for the four different redox species (states) obtained by electrolysis are shown in Fig. 5 . The energy at the inflection point and white line (maxima) of the Np L III -edge, as well as the colour of each redox state solution are summarized in Table 4 .
As shown in Table 4 , the differences in energy position of the white line as a measure of E 0 relative to the white line maximum of Np(V) (17 614.0 eV) are approximately −3 eV, +1 eV and +2 eV for Np(III), Np(IV) and Np(VI), respectively. The energy position of Np(IV) with respect to Np(V) is in reverse order of the expected increase in E 0 with increasing valence state of the absorbing atom. Similar observations have also been reported for U, Np and Pu [29] [30] [31] [32] . Other characteristic features of the Np L III XANES spectra in Fig. 5 involve trends in intensities. Np(III) and Np(IV) have intense white lines, whereas the white line intensities in the Np(V) and Np(VI) XANES are comparatively reduced. These neptunyl cations also exhibit shoulders on the high energy side of their white lines, which are attributed to multiple scattering (MS) from the linear O=Np=O moiety [33] and therefore are absent for Np(III) and Np(IV).
According to these spectroscopic features, one might conclude that the combined use of the energy position of [32] , the white line intensity generally varies not only with valence but also with the degree of condensation of the sample. The structural parameters obtained from curve fitting of the k 3 -weighted EXAFS spectra recorded for Np(III), Np(IV) and Np(VI) are summarized in Table 5 . Data reported by other authors in acidic conditions have been included in the table for comparison.
The EXAFS of Np(III) and Np(IV) are composed of a single oscillation, giving rise to a single FT peak at R + ∆R ∼ 2 Å and about 1.9 Å, respectively. The best curve fit for the Np(III) spectrum yields R = 2.51 Å and N = 9, corresponding to a hydration number of nine. Np(IV) is found to be surrounded by 10 coordinating water molecules at a distance of 2.38 Å. These distances are in good agreement with those reported in the literature. Although little ambiguity exists in the Np-O bond length interpretation, the hydration numbers of Np 3+ and Np 4+ ions are still a matter of discussion. Generally, EXAFS suffers from relatively large errors in the coordination numbers (±10-20%). Our Np(III) hydration number of nine seems plausible, although it is one water molecule greater than predictions available from density functional theory (DFT) (N = 8-9, [27] ). We found a N(H 2 O) value of 10 for the Np 4+ ion, identical to that reported by Ikeda-Ohno and coauthors in their ex situ EXAFS study on Np complexation behaviour [28] .
Np(VI), in contrast, shows a more intricate oscillation pattern, and its FT shows several significant peaks. Table 1 ). Therefore, the Np(VI) aquo species can probably be written as
2+ , similar to those reported for U(VI) and Pu(VI) [35, 36] .
Our in situ EXAFS results using the spectro-electrochemical cell show that the coordination environment of Np(III), Np(IV) and Np(VI) species determined in HClO 4 is in good agreement with most literature data. These EXAFS results further prove that XANES measurements of the final Np species generated after exhaustive bulk electrolysis were the actual pure Np species with well defined redox states.
XANES of Np aqueous species in TMA-(OH, Cl)
XANES spectra of aqueous samples Np-1, Np-3, Np-4, Np-5 and Np-7 are shown in Fig. 6a . Two groups of samples with a well defined difference in energies for the Np L IIIedge can be identified, which compare generally well with XANES reference spectra described in Sect. 4.2.1 for Np(V) and Np(VI). Both groups exhibit a reduced white line intensity and the MS feature characteristic for the "yl" cation. The observed differences in energy at the inflection point and white line (Table 4 ) allow the identification of the redox state based on XANES spectra. Differences between reference and sample spectra (e.g., lower inflection point energies) likely reflect differences in their aqueous speciation. However, the absolute difference in energy for the inflection point and white line of the Np(V) and Np(VI) sample spectra is similar to that observed for the reference data.
Energy values determined for inflection point and white line of sample Np-6 (spectrum not shown) lay in between those determined for Np(V) and Np(VI) references ( Table 4 ). This observation probably indicates the presence of a mixture of Np(V) and Np(VI) redox states, in line with results obtained by UV-vis/NIR. The XANES spectrum of sample Np-6 was successfully reproduced by linear combination of Np(V) and Np(VI) spectra, with significant contributions of both redox states (> 40%).
The neptunium redox distribution determined by XANES for aqueous samples is in very good agreement with the Np(V/VI) redox border calculated including the species NpO 2 (OH) 3 − and NpO 2 (OH) 4 2− , confirming the stability of Np(VI) aqueous species even under mildly oxidizing conditions. The slight disagreement of experimental observations with thermodynamic calculations for sample Np-6 could be attributed to inaccuracies in the estimated ε(TMA + , X − ) for a highly charged species such as NpO 2 (CO 3 ) 3 4− . Due to the relatively weak pH-buffering capacity of this sample (− log[H + ] ∼ 8.7), a larger uncertainty could also be considered for the measured pH exp . 
XANES-EXAFS of Np solid phases in TMA-(OH, Cl)
XANES spectra of solid samples Np-1, Np-2, Np-5 and Np-8 are shown in Fig. 6b . As for the aqueous species, two groups can be clearly identified based on the XANES spectra of the solid phases (Table 4) . These groups show moderate agreement with Np(V) and Np(VI) data (both for inflection point and white line) determined for the aqueous samples (both in HClO 4 and TMA-(OH, Cl) solutions).
A significantly lower intensity of the white line was obtained for the solid phases compared to the aqueous species (Fig. 7) , in agreement with previous experimental observations available for Np(IV) samples [32] . This decrease is the main reason for the differences with the aqueous species in terms of energies for inflection point, confirming the need of XANES reference spectra in different condensation states (aqueous and solid phases) to accurately characterize redox states. Experimental and theoretical k 3 -weighted Np L III -edge EXAFS spectra and their corresponding Fourier transforms are shown in Fig. 8 . Structural parameters resulting from the fits are listed in Table 6 . Distances obtained for Np−O ax and Np−O eq for the solid samples Np-1 and Np-2 are in agreement with those expected for a Np(V) oxy-hydroxide. Although not resolved in the FT diagram, the best fit for both samples was obtained when defining two types of O eq . Different combinations were evaluated in the fit (1O eq-short + 4O eq-long , 2O eq-short + 3O eq-long , 3O eq-short + 2O eq-long ), with the option 2O eq-short + 3O eq-long providing the lowest R-factor (Table 6 ). In all cases, however, the average Np−O eq distance was 2. tances determined for Np(VI) solid phases agree well with data reported in [8] for the aqueous NpO 2 (OH) 4 2− (1.82 ± 0.02 Å and 2.21 ± 0.03 Å, respectively), indicative again of the hydrous character of the fresh precipitate formed. Differences in coordination number between samples Np-5 and Np-9 could be attributed to the presence of different solid structures, although the high uncertainties associated to this parameter in EXAFS fitting do not allow conclusive interpretations to be provided.
EXAFS spectrum and FT of sample Np-8 confirmed the predominance of Np(VI). However, no satisfactory multishell EXAFS fits were obtained for this sample. This could be explained by the presence of a mixture of solids (i. 
Summary and conclusions
XANES reference spectra obtained for aqueous Np(III/ IV/V/VI) in 1 M HClO 4 were used to identify aqueous Np(V/VI) species forming in alkaline TMA-(OH, Cl) solutions. XANES spectra of condensed samples (solid phases) suffer from a significant decrease in the white line intensity, but relative differences in energy between Np(V/VI) XANES spectra are retained.
Wet chemistry and spectroscopic data of Np in alkaline TMA-(OH, Cl) solutions confirm the stability and relevance of Np(VI) aqueous species and solid compounds in hyperalkaline systems even under mildly oxidizing conditions. For aqueous species, these observations are further supported by correlations of literature thermodynamic data for actinides (U, Np, Pu and Am). Thermodynamic calculations performed considering these correlations predict the formation of anionic Np(VI) hydrolysis species under oxic conditions, analogous to those already described for U(VI).
EXAFS results also point towards a Na-neptunate(VI) solid formation at [Na] = 0.01 M, which indicates the potential relevance of Na-Np(VI) (and Ca-Np(VI)) solid phases in cementitious and NaCl/CaCl 2 -dominated saline environments. 
Appendix
